We predict the Josephson vortex Cherenkov radiation of an electromagnetic wave. We treat a long one-dimensional Josephson junction. We consider the wave length of the radiated electromagnetic wave to be much less than the Josephson penetration depth. We use for calculations the nonlocal Josephson electrodynamics. We find the expression for the radiated power and for the radiation friction force acting on a Josephson vortex and arising due to the Cherenkov radiation. We calculate the relation between the density of the bias current and the Josephson vortex velocity. 74.60. Ec, 74.60. Ge Typeset using REVT E X 1
The Josephson vortex is a well-known and an important example of a sin-Gordon soliton in solid state physics. This soliton is a propagating non-linear wave describing the phase difference between two weakly coupled superconductors and the dynamics of the fluxons residing in this contact 1 Josephson vortex dynamics is very important in the novel layered high-temperature superconductors due to their crystalline structure. In particular, the most prominent Bi and T l based copper oxide compounds consist of a periodic stack of weakly coupled twodimensional CuO layers were the superconductivity presumably resides. In this case a variety of linear crystalline structure defects result from the crossing of the superconducting layers with planar crystalline structure defects, e.g., the grain boundaries, twins, etc. These linear crystalline structure defects can be treated as Josephson junctions. The critical current density for the Josephson junctions in the superconducting layers is relatively high, especially for the coherent crystalline structure defects, e.g., for low-angle grain boundaries and twins 6, 7 . The Josephson penetration length is decreasing if the Josephson critical current density is increasing. As a result, the effect of the nonlocal Josephson electrodynamics 8, 9 becomes important while treating the Josephson vortices in the superconducting layers with the Josephson penetration depth being of the order or less than the London penetration depth.
In this paper we consider the Josephson vortex Cherenkov radiation of an electromagnetic wave. We treat a long one-dimensional Josephson junction. We consider the wave length of the radiated electromagnetic wave to be much less than the Josephson penetration depth.
We show that the Josephson vortex velocity can be equal to the phase velocity of this electromagnetic wave, which is the necessary condition for the Cherenkov radiation. We use for calculations the nonlocal Josephson electrodynamics. We find the amplitude and power of the radiated wave and the radiation friction force acting on a Josephson vortex and arising due to the Cherenkov radiation. We calculate the relation between the density of the bias current across the Josephson junction and the stationary Josephson vortex velocity.
We consider the case of a Josephson junction with a very high electrical resistivity, i.e., with a very low damping constant.
The dynamics of a Josephson vortex in a one-dimensional Josephson junction parallel
to the x axis is described by the sine-Gordon equation for the space and time dependent phase difference ϕ(x, t). Taking into account the damping resulting from the resistance of the junction it reads
The subscripts τ and ξ are to denote the derivatives over the dimensionless time τ = tω J and coordinate ξ = x/λ J ,
is the Josephson plasma frequency, C is the specific capacitance of the junction, j c is the critical current density of the Josephson junction,
is the Josephson penetration length, Φ 0 is the flux quantum, λ is the London penetration depth,
is the damping constant, R is the specific resistance of the junction, and β = j/j c is the dimensionless density of the bias current across the junction.
The well-known solution of Eq. (1) 
describes this electromagnetic wave.
Let us consider the case of zero dissipation (η = 0). Then, the relation between the frequency ω and the wave vector k is given by the formula
and the phase velocity of this electromagnetic wave v ϕ is equal to
We can determine the phase difference ϕ(x, t) in the mainframe of local Josephson electrodynamics, i.e., by the sin-Gordon equation, as long as λ ≪ l ϕ , where l ϕ is the characteristic space scale of ϕ(x, t). It means, in particular, that Eqs. (5), (7) and (8) 
where K 0 (x) is the zero order modified Bessel function. The integro-differential equation (9) is valid as long as ξ ≪ l ϕ .
Using Eqs. (6) and (9) we find the dispersion relation ω(k) for an electromagnetic wave in a long Josephson junction in the mainframe of the nonlocal Josephson electrodynamics.
In the case of zero dissipation (η = 0) it has the form
and thus the phase velocity of this electromagnetic wave is equal to
Note, that the expressions given by Eqs. (8) and (11) for v ϕ coincide if kλ ≪ 1, i.e., in the range of validity of the local Josephson electrodynamics.
It follows from Eq. (11) that the electromagnetic wave phase velocity v ϕ given by Eq. (11) is a monotonically decreasing function of k. The value of v ϕ tends to zero when the wave vector k tends to infinity. In particular, in the limiting case kλ ≫ 1 we have 5 :
We show the dependence v ϕ (k) given by Eq. (11) by the dashed line in Fig. 1 . We use for this plot the value λ J = 5λ, it i.e., λ J ≫ λ. 
The existence of an electromagnetic wave with the phase velocity lower than c s results in the Josephson vortex Cherenkov radiation. This dissipation mechanism is especially effective when the Josephson vortex velocity is approaching the highest possible velocity c s .
The Josephson vortex Cherenkov radiation results, in particular, in a friction force acting on the radiating vortex. In order to find this radiation friction force we solve the following problem. Let us consider the uniform motion of a Josephson vortex in a long Josephson junction. We treat the velocity of this motion v as a given constant value. We use for calculations the perturbation theory, i.e., we neglect the dissipation arising due to the resistance of the junction while considering the Josephson vortex Cherenkov radiation of an electromagnetic wave.
In order to find the amplitude of the radiated wave we look for a solution of Eq. (9) with η = 0 and β = 0 in the form
where ϕ 0 (x − vt) is the phase difference given by Eq. (5) for a single uniformly moving
Josephson vortex and |f (x, t)| ≪ 1.
A straightforward calculation shows that in the region behind the front of the nonlinear wave ϕ 0 (x − vt), i.e., in the region (vt − x) ≫ λ J 1 − v 2 /c 2 s , the function f (x, t) is a plain wave taking the form
where θ(x) is the θ-function. The amplitude of this plain wave f 0 (k p ) is given by the following formula
where the wave vector k p is the root of the equation
the dispersion relation ω(k) is given by Eq. (10), the frequency of the radiated wave ω p = ω(k p ), and v p is the group velocity for a wave with k = k p
We explicitly use in the above calculations the phase difference ϕ 0 (x, t) in the form given by Eq. (5). It is valid as long as
The amplitude f 0 (k p ) is increasing when the velocity of the Josephson vortex is approaching the highest possible velocity c s . In the vicinity of c s , i.e., in the region c s − v ≪ c s , Eq. (16) can be simplified and the values of f 0 (k p ), k p and ω p can be found in an explicit analytical form. The result of these calculations is as follows
Let us now find the radiation friction force f r acting on a unit length of a uniformly moving Josephson vortex. To do it we use the energy conservation law equating f r v and We are grateful to Dr. E. Polturak for useful discussions. This work was supported in part by the Foundation Raschi. 
